This paper describes use of a hydro-chemical mixing model and a water budget to investigate the presence of deep runoff pathways in two small, nested sub-catchments of the Eden basin, UK (8.8 km 2 Blind Beck and 1.0 km 2 Low Hall stream). A linear relationship between bicarbonate concentration and electrical conductivity was used in a two-component mixing model. End-members were identified as a high-solute, deep groundwater and a low-solute, soil-water. The mixing model indicated 69% ± 10% deep groundwater in Low Hall for September-December 2008 and 46%
INTRODUCTION
Knowledge of hydrological pathways is fundamental in addressing environmental problems of water quality, and chemical characterisation of stream waters makes an important contribution in understanding these pathways. Deep groundwater returning to the surface may make an important contribution to the stream hydrograph in some catchments. This is important for water resources worldwide, as deep groundwater is responsible for sustaining flows during dry periods and buffering streams against some agricultural impacts on water quality in soils. In order to understand the physical and chemical processes that cause stream water quality to change through time, it is necessary to determine where the water has come from and what interactions may have taken place along the dominant hydrological pathways from the source of the water to its arrival in the stream channel. Different water pathways may bring water into contact with different subsurface strata, and for different durations, thus giving the water a different chemical signature. The amount of deep groundwater returning to the surface may be quite different in adjacent catchments, and, from some surface-defined catchments, interbasin groundwater flow (IGF) may take place (Genereux et al. ) . Deep groundwater is defined here as water which has travelled through a rock aquifer.
Deep groundwater is important for water resources as it is the slow store which sustains base flows in dry conditions, when other sources are contributing little or nothing to the flow. It is important because of its different chemistry: it is often both base-rich and well buffered, with implications for mitigation of acidification and the subsequent effects on aquatic ecology. McDonnell () argued that rather than trying to understand a catchment based on physical data alone or on chemical data alone, a more robust process description of catchment function is gained by combining physical and chemical data to give information on the water flow, source and age together.
Mixing models can be used to estimate the proportions of water from two or more sources of contrasting chemistry (e.g., Christophersen et al. ; Burns et al. ; Dunn et al. ) . If end-members with distinct and constant chemical composition can be identified, then the streamwater chemistry can be described in terms of a mixture of end-members. The end-members are identified by a tracer which can be a natural chemical tracer such as chloride (Genereux et al. ; Hrachowitz et al. ) or a stable isotope (Sklash ; Rodgers et al. ; Genereux et al. ) or an added tracer such as bromide or dye (Collins et al. ; Joerin et al. ) . A critical feature is that this tracer must act conservatively when mixed. Genereux et al.
() used chemical tracers and water budgets (Genereux et al. ) to identify and quantify IGF. In that case, the high-solute, deep groundwater was identified as one endmember of a mixing model, representing IGF, with soilwater representing the other end-member.
To investigate the presence of groundwater in the streamflow of small catchments where high frequency dynamics occur, high temporal resolution data are required.
Most ions within streamwater cannot be measured easily in situ or at a high temporal resolution. Therefore, a combination of discrete sampling for detailed chemical analysis and correlation with in situ high frequency measurements of physico-chemical parameters such as electrical conductivity and pH can be used to quantify the high frequency dynamics.
Acid neutralising capacity (ANC), defined as the sum of the strong base cations minus the strong acid anions, has also been used to identify water from shallow and deep sources (e.g., Robson This paper describes how hydro-chemical data and water budgets were used to investigate the presence of deep runoff pathways in two sub-catchments of the Eden basin, UK. The objectives were: (1) to identify the main contributing end-members to the stream using spot sampled data; (2) to quantify the proportions of deep groundwater and soil-water in the two catchments using high frequency temporal data in a mixing model; (3) to compare water budgets for the two sub-catchments; (4) to compare the results of this study with the published estimates of flow pathway proportions identified from a rainfall-runoff modelling study (Ockenden & Chappell ) .
METHODS

Study catchments
The study area was the 8.8 km 2 Blind Beck sub-catchment of the River Eden basin in northwest England (Figure 1 The Eden is also one of three UK catchments chosen for the UK Department for Environment, Food and Rural Affairs In contrast, the small 1.0 km 2 catchment of the Low Hall stream, nested within Blind Beck catchment, lies entirely on the sandstone and is covered largely by alluvial and glaciofluvial deposits with little glacial till. For circum-neutral to alkaline systems (pH 6-10), the relative contribution of carbonate ions versus bicarbonate ions is heavily dominated by bicarbonate (Neal ) . For the alkaline waters in this study (minimum pH 7.6; pH > 8.0 for approximately 90% of the time), the difference in charge balance of the major ions was therefore attributed to bicarbonate ions, i.e.:
Identification of end-members
where all concentrations are in micro-equivalents per litre (μEq L À1 ). Chemical equivalents are commonly used in expressing concentrations of ions in natural waters to allow the calculation of a charge balance (sum of anions ¼ sum of cations).
Cross-correlations of all ions were investigated to try to identify end-members. Specific conductivity depends on both the amount of charge in solution and the electrostatic interactions between the ions, so every constituent ion contributes to the total conductivity. This relationship is approximated by Kohlrausch's law:
where Λ i (constant) is the equivalent conductance (Scm 2 / Eq) of the ith ion (i.e., the conductance of that volume of solution that has one equivalent of the ith ion dissolved in it) and c i is the equivalent concentration of the ith ion (Robson ) . Apart from the hydrogen ion, which has an equivalent conductance of 350 Scm 2 /Eq, the major ions found in upland streams have equivalent conductance at 25 W C in the range 45-80 Scm 2 /Eq (Thomas ).
For the alkaline waters in this study the hydrogen ion concentrations were negligible compared to the other ions, and, therefore, made an insignificant contribution to the conductivity.
Bicarbonate concentration was chosen as the tracer for the end-member mixing analysis as the bicarbonate concentration, as calculated according to Equation (1) is approximately the same as the ANC, which is known to be conservative (Neal ) . A linear relationship was sought between electrical conductivity (from the time series) and bicarbonate concentration (from the spot samples) in order to create a time series of bicarbonate concentration.
Mixing model
A two-component mixing model was used to identify the proportion of deep groundwater. Two distinctive end-members, soil-water and deep groundwater, with fixed compositions were defined, and the stream water was then considered to be made up of different proportions of these two endmembers. The proportion of deep groundwater is given by:
where Q deep , Q soil and Q s , are the deep groundwater, soilwater and total stream discharges and C deep , C soil and C s , are concentrations of a tracer in the deep groundwater, the soil-water and the stream, respectively.
Provided that the end-members C deep and C soil are fixed, 
where P is precipitation, Q s is stream discharge at the catchment outlet, ET is evapotranspiration, ΔS is the change in water storage within the basin and IGF is the net inflow of IGF (net gains of groundwater across a topographic boundary). Precipitation was measured using one gauge at Sykeside, within the Blind Beck catchment (Figure 1(b) ). 
RESULTS AND DISCUSSION
End-member identification from hydrochemical analysis
The minimum, median, arithmetic mean and maximum concentrations of the major ions in Blind Beck, Low Hall stream and the rainwater are given in Cross-correlations between ions showed a very strong correlation (R 2 ¼ 0.99) between chloride and sodium (Figure 3(a) ), with no significant difference between the ratio for the stream waters or the rainfall. In contrast, while there was a correlation between sulphate and chloride (Figure 3(b) ) the ratio was different for stream waters and rain water. This suggested that the major source of sodium and chloride in stream waters was from precipitation, but that the sulfate in the stream waters came both from precipitation and another source. Some of this could have been from dry deposition between rainfall events. Sulfur deposition has been described as a legacy of atmospheric pollution (Daniels The concentrations in Low Hall stream were higher, by an average of 7% for magnesium and 26% for calcium. The concentration inter-relationship between calcium and magnesium ( Figure 4) suggested that the water in Blind Beck basin was a mixture made from three distinct end-members.
The end-members were indicated by the vertices of the dashed triangle in Figure 4 , which encloses data for both Blind Beck and Low Hall. Although samples of soil water
were not analysed in this study, soil waters from nearby sites (within 5 km) were analysed by Simon et al. () and are included in Figure 4 . One end-member appeared to be a soil-water, with very low concentrations of both calcium and magnesium. A second end-member had high concentrations of both calcium (∼130 mg L À1 ) and magnesium (∼27 mg L À1 ). The sample from the 6 m borehole at Sykeside (which is in the drift layer) was similar to this and suggested the water travelling through the drift only as a separate endmember. The third end-member also had high magnesium concentration (∼27 mg L À1 ) but lower calcium concentration (∼50 mg L À1 ) and was closest to the water in Low Hall stream at low flows. The water from the 18 m borehole at Sykeside (which is in the sandstone) was similar to this, indicating water from the deeper sandstone geology as the third end-member. In contrast, water from a borehole at Crosby Garrett, in the limestone, and water from the higher tributaries of Blind Beck both had low concentrations of magnesium.
Specific conductivity and bicarbonate concentration
The specific conductivity in Low Hall and Blind Beck mirrored the stream water levels extremely well, with the conductivity dropping sharply as rainfall caused a rise in the water level and then rising again as the water levels fell. The specific conductivity of Low Hall stream was higher than in Blind Beck at all times apart from at extremely high flows,
when Blind Beck burst its banks and spilled down the road, overflowing into Low Hall stream. The discharge in Blind
Beck and specific conductivity in Blind Beck and Low Hall are shown in Figure 5 . The conductivity in Blind Beck fell from about 600 to 200-250 μS cm À1 during storms. It indicates that the rain water, which had a very low specific conductivity throughout the 12-month monitoring period (typically <100 μS cm À1 , measured at 15 min intervals in a rain gauge at Little Musgrave, the Blind Beck catchment outlet), reached the stream via relatively fast pathways and did not increase its dissolved solids content significantly. Figure 6 shows the bicarbonate concentration in μEq L À1 , calculated from the charge balance, plotted against the specific conductivity (μS cm À1 ) of all the samples of stream water, rain water and borehole water. Figure 6 also includes a shaded area which represents the range of conductivity and alkalinity measured by Simon et al. () for the nearby soil waters. For these waters, alkalinity is approximately equivalent to bicarbonate concentration.
For rain water, the estimate of bicarbonate will be inexact because of the influence of other significant ions, such as ammonium, that were not measured. However, the sum of cations and anions in rainwater was very small anyway, as reflected by the low specific conductivity. the maximum contribution of deep groundwater. This range is derived from the range in each end-member (i.e., 0-1,000 μEq L À1 bicarbonate for soil-water and 7,400-9,400 μEq L À1 bicarbonate for deep groundwater). This range is derived from the range in each end-member (i.e., 0-1,000 μEq L À1 bicarbonate for soil-water and 7,400-9,400 μEq L À1 bicarbonate for deep groundwater). (Young , ) . However, these two methods were consistent in indicating that within the subcatchment of Blind Beck there was a substantial contribution to the stream from water which had travelled by longer residence time pathways (e.g., lateral water flow through a rock aquifer), and that this input was even larger in Low Hall stream. In particular, it highlighted the importance of deep water pathways returning water to the surface even in small catchments.
Water budget
CONCLUSIONS
The use of both streamwater chemistry and water balance has been shown to be a useful technique to quantify the contribution of deep groundwater to streamflow. This is important for water resources worldwide, particularly in catchments with a large component of deep groundwater, as this deep groundwater is responsible for sustaining flows during dry periods and buffering streams against some agricultural impacts on the quality of shallow groundwater within soils. The water quality of two nested catchments on a major rock aquifer, Blind Beck and its Low Hall tributary, indicates the value of EMMA based on bicarbonate concentration, as derived from a linear relationship with specific conductivity (i.e., Bicarbonate concentration ¼ 10.7 * Conductivity -425; R 2 ¼ 0.94, N ¼ 51, p < 0.05). The work indicates the importance of both rapid and slow transit pathways, notably the importance of deep water pathways such as those in the sandstone aquifer beneath the lower slopes of the whole (2,288 km 2 ) Eden basin. It highlights the value of using both spot and more continuous measurements. The study also gives findings consistent with a parallel analysis based on rainfall-runoff modelling of the same catchments for the same period;
both of which indicated a higher proportion of longer residence time water in Low Hall stream than in Blind Beck (despite the uncertainties in the respective methods).
